This study focuses on the interspecific variation in the distribution and structure of pits between vessels and imperforate tracheary elements. Specimens from the outer sapwood of eight species, in which vessel elements are frequently in contact with fibres and/or tracheids, were prepared using two different techniques and examined by field-emission scanning electron microscopy. In three species in which vessels are surrounded by vasicentric tracheids and/or fibres with distinctly bordered pits, pit pairs frequently occurred in walls between vessels and imperforate tracheary elements. In the five species in which vessels are in contact with fibres with indistinctly bordered pits, no or very few pit pairs were present, and blind pits were often found. Blind pits were exclusively present in vessel elements in some species, while they were restricted to imperforate tracheary elements in other species. The nature of vessel to imperforate tracheary element pitting appears to depend on tracheary element specialization.
INTRODUCTION
The overall structure of pits in cells constituting the secondary xylem is fairly well understood thanks to detailed observations by many plant anatomists (e.g. Schacht 1859; Liese 1965; Schmid 1965; Bauch et al. 1972) . Indeed, the anatomical variation and distribution of pits in wood has been a fascinating topic for centuries and provides useful information for identifying unknown wood samples and defining cell types (e.g. Baas 1986; Carlquist 1986a, b; IAWA Committee 1989 . Understanding the structure and distribution of pits has also contributed to our knowledge of water transport in secondary xylem cells (Tyree & Zimmermann 2002; Holbrook & Zwieniecki 2005) .
With respect to angiosperms, a large amount of the micromorphological variation associated with vessel pits depends on the type of the pitting. Three main types can be considered: 1) intervessel or vessel-vessel pitting, 2) vessel-imperforate tracheary element pitting, and 3) vessel-parenchyma pitting (including vessel-ray and vessel-1) Laboratory of Woody Plant Biology, Graduate School of Agriculture, Hokkaido University, Sapporo 060-8589, Japan [E-mail: pirika@for.agr.hokudai.ac.jp] . 2) Jodrell Laboratory, Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, United Kingdom. axial parenchyma pitting). Differences between these types of vessel pitting have been illustrated repeatedly and most attention is usually paid to intervessel and vessel-ray pitting, which are both included in the IAWA list of microscopic features for heartwood identification (IAWA Committee 1989) . Less attention has been paid to the nature and distributional patterns of pits between vessel elements and imperforate tracheary elements (tracheids, fibre-tracheids and libriform fibres), although some studies include details about this pit type (e.g. Bancroft 1935; Stern 1955; Yang 1978 Yang , 1986 Lachaud & Maurousset 1996; Magendans 1999; Singh et al. 1999) . Noteworthy are the comprehensive descriptions prepared by Moll and Janssonius (1909-1936) , as these contain a wealth of accurate details about pit types before electron microscopy was even available. In general, most wood anatomical descriptions do not provide information about vessel-fibre pits. As a result, information about this pit type is frequently absent or limited in text books on plant anatomy and wood anatomy (e.g. Butterfield & Meylan 1980; Panshin & DeZeeuw 1980; Fahn 1982; Dickison 2000; Carlquist 2001; Evert 2006) as well as in wood anatomical atlases (e.g. Meylan & Butterfield 1978; Ohtani 2000) . The paucity of information about vessel-fibre pitting can partly be explained as a result of its presumably insignificant diagnostic value for plant systematics, and partly because of the difficulty in observing its minute details using standard light microscopic (LM) procedures. Although vessel to imperforate tracheary element pits may not be an important character for wood identification, they are obviously important for a better understanding of the regulation of water flow in xylem. Studies on seasonal changes in the water distribution in xylem by cryo-scanning electron microscopy (cryo-SEM), for instance, suggest that there is lateral water flow from vessels to surrounding fibres when freeze-induced cavitation progresses (Utsumi et al. 1996 (Utsumi et al. , 1998 . Analyses of uptake and exudation behaviour of sap during freezing and thawing of stem segments of Acer pseudoplatanus suggest that the well-known maple sap exudation is a result of direct water movement between vessels and wood fibres and that this process does not require living cells (OʼMalley & Milburn 1983; Milburn & OʼMalley 1984) . In order to comprehend the mechanisms of lateral water flow between vessels and fibres or between vessels and tracheids, it is essential to identify the exact nature of connecting points between these elements. In addition, vessel pitting affects the penetration of preservatives into timbers, which has applications in the field of wood technology and the paper and pulp industry (Siau 1984; Singh et al. 1999; Zhang et al. 2004; Wan et al. 2006) . While most studies on the function of vessel pits focus on intervessel pits (Shane et al. 2000; Zwieniecki et al. 2001; Choat et al. 2003 Choat et al. , 2004 Choat et al. , 2006 Coleman et al. 2004; Dute et al. 2004; Jansen et al. 2004a, b; Sano 2004 Sano , 2005 Pesacreta et al. 2005; Wheeler et al. 2005 ) and on functional differences in safety and efficiency between homogeneous pit membranes as found in most angiosperms and torus-margo pit membranes of gymnosperms Pittermann et al. 2005 Pittermann et al. , 2006 , we hope that similar progress will be made in clarifying the biological significance of vessel-fibre pitting.
This study was undertaken to gain information on the structure and variation of vessel to fibre pitting in a selected number of eight vessel-bearing angiosperm species using field-emission SEM (FE-SEM). The species chosen were characterized by various types of imperforate tracheary elements and a frequent contact between vessel elements and imperforate tracheary elements. As similar samples were used in previous studies, this work is part of a series of papers on the micromorphology pit membranes (Sano 2004 (Sano , 2005 Sano & Jansen 2006; Jansen et al. 2007 ).
MATERIALS AND METHODS

Materials
Eight species were selected based on their wood characteristics and the availability of material. The origin of the species studied is listed in Table 1 . The samples are similar to the material examined in previous studies (Sano 2004 (Sano , 2005 Sano & Jansen 2006; Watanabe et al. 2006; Jansen et al. 2007 ). All samples were taken from the outer sapwood at breast height and immediately stored in 30% ethanol or FAA after collection. Samples of Eucalyptus camaldulensis were taken from a two-year-old tree, while all other samples were from mature trees. a Early autumn was soon after the formation of current-year xylem had ceased and late spring was when leaves were expanding. b Samples used previously by Sano (2005) and /or Sano and Jansen (2006) . c Sample used previously by Watanabe et al. (2006) and Sano and Jansen (2006) . d Sample used previously by Jansen et al. (2007) .
Field-emission scanning electron microscopy
Preparation of the wood samples for FE-SEM followed the methods previously described by Yumoto et al. (1982) , Sano (2004) , Sano and Jansen (2006) and Jansen et al. (2007) .
Measurements of pit characters
FE-SEM samples of radial faces that were exposed by splitting were used for measurements of pit characters. As for pit diameter, 25 pits were randomly selected, and longitudinal and horizontal diameters of pits were measured on a FE-SEM monitor or on micrographs. In addition, the density of pit pairs was determined for pit pairs of Eucalyptus camaldulensis, Prunus sargentii and Quercus crispula. More than ten rectangular areas of 1,000 to 2,500 μm 2 were randomly selected on a FE-SEM monitor or on micrographs and the number of pits was counted. The number was scored as 0.5 when pits were partly included in the rectangular zones, while the number was scored as 1.0 when pits were completely included.
Ultraviolet microscopy
Examination of axial parenchyma in Acer mono was performed by ultraviolet light (UV) microscopy according to the methods previously described by Watanabe et al. (2006) .
Terminology
The wood anatomical terminology is in general agreement with the IAWA list of microscopic features for hardwood wood identification (IAWA Committee 1989). The term vessel-fibre pitting is frequently used as a synonym and shorter version of vessel to imperforate tracheary element pitting .
RESULTS
Vessel-fibre pit pairs
In four of the eight species examined, pit pairs were found in common walls between vessel elements and imperforate tracheary elements. In three out of the four (Eucalyptus camaldulensis, Prunus sargentii, Quercus crispula), pit pairs were frequently present. In Betula japonica, however, pit pairs very rarely occurred, and blind pits were commonly present (see below).
Imperforate tracheary elements of P. sargentii are interpreted as fibre-tracheids since their pits are distinctly bordered with an average horizontal diameter of 4.8 μm (Table 2) . Pit pairs were commonly present between vessel elements and fibres (Fig. 1) although the density of pit pairs was low (10.8 pits per 10,000 μm 2 , Table 2 ). Pit membranes between the two types of elements were consistently sheet-like and homogeneous, and no visible pores were present (Fig. 2) . Tongue-like pseudo-tori, which are commonly present in interfibre pits of Rosaceae (Parameswaran & Liese 1981; Jansen et al. 2007) , were frequently found on the fibre side but were rare on the vessel side (Fig. 1) .
In E. camaldulensis and Q. crispula, vessel elements are surrounded by vasicentric tracheids. Pitting between these elements was abundantly present ( Fig. 3-8 ; Table 2 ). Pit membranes between vessel elements and vasicentric tracheids were consistently sheetlike and homogeneous (Fig. 4, 5, 7, 8) . No visible pores were found in pit membranes between vessel elements and vasicentric tracheids (Fig. 4, 5, 8) . In E. camaldulensis, branched vestures were found in the pit borders ( Fig. 3-5 ). The vestures were more conspicuously present on the vessel side of the pit pair and seem to occlude the entire vessel pit chamber (Fig. 4, 5) , while vestures associated with the vasicentric tracheid pit chamber are more or less restricted to the area around the outer aperture (Fig. 3, 5) .
Imperforate tracheary elements of B. japonica are considered to be libriform fibres, since an average horizontal diameter of their pits is less than 3 μm (Table 2 ). In B. japonica, pit pairs were very rarely found in common walls between vessel elements and fibre-tracheids (Fig. 9, 10 ).
Blind pits between vessels and fibres
In Betula japonica, Populus sieboldi, Salix sachalinensis and Tilia japonica, blind pits were found on either side of walls between vessel elements and imperforate tracheary elements. The type and frequency of their occurrence differed among the species.
In B. japonica and T. japonica, blind pits were exclusively present on the vessel side of walls between vessel elements and imperforate tracheary elements (Fig. 11-17) . In B. japonica, blind pits were frequently present (Fig. 11-14) . In T. japonica, their FT = fibres with distinctly bordered pits, LF = fibres with minutely bordered pits, VT = vasicentric tracheid, LIV F = living fibre, 1 = pit pair, 2 = blind pit on vessel side, 3 = blind pit on fibre side, / = measurements were impossible because of very low frequency.
a We could not measure 25 pits because of their low frequency. b We only measured seven pits because splitting of the sample usually follows the outer layer of vessel element walls, which makes it very difficult to detect blind pits on the fibre side, in addition to their low frequency. frequency was lower than in B. japonica. In both species, pseudo-tori were often present as small projections on the pit membranes (Fig. 13) . Imperforate tracheary elements of P. sieboldi and S. sachalinensis represent libriform fibres. In both species, blind pits were sparsely present on the fibre-side of walls between vessel elements and fibres (Fig. 18-21 ). Pseudo-tori were occasionally found on the pit membranes. 
Absence of pits
In Acer mono, libriform fibres and living fibres are present (Sano & Jansen 2006) . No apparent pits were detected in walls between vessel elements and libriform fibres and between vessel elements and living fibres (Fig. 22-24) . Small depressions were infrequently noted on vessel element walls (small arrow in Fig. 23 ), but we could not confirm whether such depressions were vessel-fibre pits or not.
Moreover, axial parenchyma showed a characteristic distribution in A. mono. Uniseriate, radial strips of axial parenchyma cells that were sandwiched between a vessel and a ray were commonly present (Fig. 23, 24) . These axial parenchyma cells were not found when the distance between a vessel and a ray was more than one cell layer wide. Half-bordered pit pairs were abundantly present between vessel elements and axial parenchyma (Fig. 22, 23) . The axial parenchyma cells were clearly visible by UV microscopy (Fig. 23 ) since secondary walls of axial parenchyma cells are more densely lignified. Figure 23 . Tangential section of an axial parenchyma strand (large arrows), which is sandwiched between a vessel and a ray in Acer mono. Pitting in the vessel walls is restricted to vessel-axial parenchyma pits although small pit-like depressions are infrequently present in other areas (small arrow). - Figure 24 . UV micrograph of a cross section of axial parenchyma cells (AP), which are sandwiched between a vessel element (V) and a ray in Acer mono. Pits are lacking in vessel-fibre walls, but half-bordered pits are clearly visible in vessel-axial parenchyma cells.
DISCUSSION
Although details about vessel-fibre pits are rather limited based on data from literature, some information is available from pictures previously published. The presence of pit pairs between vessels and vasicentric tracheids has already been well illustrated in some species of Quercus (e.g. Braun 1970; Wheeler & Thomas 1981; Barnett 1982; Ohtani 2000) . The distributional pattern of vessel to vasicentric tracheid pits in Quercus crispula as found in the present study is consistent with these earlier observations. By contrast, the nature of vessel to fibre pitting in the other seven genera examined in this study is ambiguous or inconsistent according to literature data. For example, pit pairs between vessels and living fibres in Acer pseudoplatanus as shown in drawings by Braun (1970) do not correspond with the present study, because we were unable to detect pits in common walls between vessels and living fibres in Acer mono. In addition, blind pits in the vessel element walls of Betula japonica and Tilia japonica, and blind pits in fibre walls of Populus sieboldi and Salix sachalinensis were not reported in previous studies of these genera (e.g. Braun 1970; Yang 1978; Barnett 1982) . This inconsistency can be explained by the difficulty in observing the true nature of pits using ordinary LM. The blind pits detected in the present study were consistently small with a horizontal diameter of the pit border less than 2 μm. Ordinary thin sections of more than 10 μm in thickness, which are usually prepared for general LM-observations, are probably too thick to distinguish the exact structure. In addition, blind pits found in P. sieboldi, S. sachalinensis and T. japonica are sparsely distributed. It is likely that the blind pits are easily overlooked even by transmission electron microscopy (TEM). In contrast, the observation of cleanly-planed walls from both sides of paired cells as conducted in the present study is a useful method to confirm the true structure of small pits that are sparse. We recommend this technique for confirmation of the type of small-sized pits.
The function of blind pits, which are formed on either side of walls between vessel elements and imperforate tracheary elements, is unclear. Obviously, they do not play any role in water transport in mature xylem, although it is possible that they serve a function during xylem maturation. It is unknown why such structures are formed as they seem to make the cell wall weaker without any functional advantage. The absence of pits and the formation of blind pits in walls between vessels and fibres might be caused by differences in timing of differentiation between the two cell types. For instance, it has been demonstrated that in Populus maximowiczii vessel elements differentiate earlier than neighbouring libriform fibres (Murakami et al. 1999) . It is plausible that such difference in the timing of differentiation is a condition to induce a mismatching of locations of pits between adjacent cells. This explanation can also be invoked for the absence of pits. Indeed, no vessel to ray pits are formed in walls between vessel elements and isolation cells that differentiate later than the adjacent vessel elements (Braun 1967) , whereas pit pairs are abundantly formed between vessel elements and contact cells that differentiate synchronously with the adjacent vessel elements in P. maximowiczii (Murakami et al. 1999) . In the case of pit pairs between vessel elements and vasicentric tracheids in Quercus, the differentiation apparently synchronizes between the adjacent cells (Barnett 1982) .
Presence or absence of pit pairs in common walls between vessels and fibres might depend upon the extent of specialization of fibres that surround the vessels. According to the morphological trends in tracheary element specialization (Bailey & Tupper 1918) , the size of pits and the extent of pit borders tend to decrease in fibres according to specialization. In three species in which pit pairs frequently occurred between vessels and imperforate tracheary elements (Eucalyptus camaldulensis, Prunus sargentii and Quercus crispula), pits of the imperforate tracheary elements were more than 4 μm in diameter and distinctly bordered (Sano & Jansen 2006) . In the other five species with no or few pit pairs between vessels and fibres (Acer mono, Betula japonica, Populus sieboldi, Salix sachalinensis and Tilia japonica), however, interfibre pits are less than 3.5 μm in diameter (Sano & Jansen 2006) . These findings support the tendency that pit pairs are absent from walls between vessels and more specialized imperforate tracheary elements.
The density of pit pairs in walls between vessels and imperforate tracheary elements probably correlates with the grouping of vessels. In E. camaldulensis and Q. crispula, in which pit pairs abundantly occurred between vessels and imperforate tracheary elements, vessels are exclusively solitary (e.g. Ilic 1991; Ohtani 2000) . By contrast, in P. sargentii in which pit pairs are more sparsely distributed, vessels grouped in multiples of two or more vessels are commonly present (e.g. Ohtani 2000) . A possible explanation is that in woods with exclusively solitary vessels other xylem elements could be important to facilitate water flow between vessels. In wood with many vessel multiples, however, other cell types may not be essential for water flow between vessels. It is possible that the frequent occurrence of pit pairs in walls between solitary vessels and less specialized imperforate tracheary elements reflects the greater contribution of imperforate tracheary elements to water transport. However, conductivity between vessels and imperforate tracheary elements is probably lower than that between the imperforate tracheary elements. Pit membranes between vessel elements and imperforate tracheary elements were consistently dense and no apparent pit membrane pores were visible in the present study. In contrast, localized mesh-like zones with openings of up to several hundred nanometres were often present in pit membranes between vasicentric tracheids in Q. crispula (Sano & Jansen 2006) . These findings might be consistent with the case reported by Wheeler and Thomas (1981) . They demonstrated by TEM that pit membranes between vessels and vasicentric tracheids were thicker than those between vasicentric tracheids in two species of Quercus. A similar difference in the thickness of pit membranes between vessel-imperforate tracheary element pits and inter-imperforate tracheary element pits is also reported in Eucalyptus deglupta (Singh et al. 1999) . It is likely that dense pit membranes between vessels and vasicentric tracheids function as an effective barrier separating the two systems.
In Eucalyptus camaldulensis, more conspicuously developed vestures on the vessel side of vessel-vasicentric tracheid pit pairs might also play a role in separating the two systems. A possible function of vestures seems to be the prevention of excessive deflection of pit membranes, which can cause pit membrane rupture when pit aspiration takes place (Zweypfenning 1978; Sperry 2003; Choat et al. 2004) . It is expected that pit membranes become aspirated and deflect to the vessel side when a pressure drop is generated across a vessel-imperforate tracheary element pit pair, for instance when a vessel is filled with water and the adjacent fibre is filled with a gas or water vapor. It is likely that the vessel side vestures occluding the entire pit chamber effectively prevent dysfunction of the water conduction system by pit membranes rupture.
During the course of the present study, we also found a unique axial parenchyma cell type in Acer mono. These parenchyma cells do not exactly correspond to any type of axial parenchyma previously described. This type of axial parenchyma can be regarded as some kind of scanty paratracheal parenchyma (Panshin & DeZeeuw 1980; Fahn 1982; IAWA Committee 1989; Dickison 2000) or ʻray adjacentʼ parenchyma according to Carlquist (2001) as it shows features of both. Thus, it is possible to separate it as a particular subtype of axial parenchyma.
